Background: Podocyte injury can be caused by cytosolic cathepsin L activity, leading to foot process effacement and proteinuria. Results: Glutamine blunts the damaging activity of induced cytosolic cathepsin L in podocytes by modulating intracellular pH. Conclusion: Podocyte pH modulation is a novel way to tackle proteinuric kidney disease. Significance: The optimization of amino acid metabolism fluxes and associated pH i of podocytes may form a basis for novel therapeutic approaches.
The central metabolism of a cell can determine its short and long term structure and function. When a disease state arises, the metabolism of cells, the overall substrate utilization, and production are altered in a way that cells can survive or adapt under the disease state physiology. Although the response of cells to injury is being studied thoroughly in various model systems, the knowledge regarding the cellular metabolism during disease in specialized eukaryotic cells is still quite obscure. Recent advances in analytical methods and mathematical tools have led to novel approaches to better define disease pathophysiology utilizing computational biology, which relies on the integration of experimentation, data processing, and modeling. The formulation of current knowledge in mathematical terms has led to the development of several mathematical modeling tools (i.e. metabolic flux analysis, metabolic control analysis, etc.) that helps to understand an entire biological system from basic structure to dynamic interactions. We have used metabolic flux analysis (MFA) 2 to study the amino acid metabolism of kidney podocytes under normal and disease conditions with the purpose of finding critical metabolic pathways that can be utilized for therapeutic considerations.
Podocytes are specialized cells within the glomerulus that are essential for ultrafiltration. Glomerular diseases that originate from podocyte dysfunction represent a global health problem and affect some 100 million people worldwide (1) . Podocytes form foot processes (FPs), highly dynamic small cellular compartments that are connected by specialized cell-cell junctions or slit diaphragms (2) . The slit diaphragm contains numerous proteins important for size and charge selectivity of the kidney filter as well as for signaling events (3) . Together with the glomerular basement membrane (GBM) and the glomerular endothelial cells, podocytes form a key component of the kidney permeability barrier (4) . Most forms of proteinuria are charac-terized by a reduction of podocyte membrane extensions and transformation of podocyte FPs into a band of cytoplasm (referred to as FP effacement). The molecular framework and biochemical signals underlying normal podocyte function has been studied with great success elucidating critical podocyte proteins and pathways. In addition to genetic mutations that perturb podocyte function (5) , acquired or secondary forms of podocyte damage are more commonly prevalent and can entail the induction of a cytosolic variant of the cysteine protease cathepsin L (cCatL) that in turn cleaves the large GTPase dynamin (6) , synaptopodin (7) , as well as CD2AP (8) . These substrates regulate the normal cytoarchitecture and transcriptional control of podocytes that in turn allows for proper kidney filter function (6 -9) . What remains unclear is the metabolism of podocytes during the maintenance and degradation of the healthy podocyte structure and also how the podocyte metabolism is possibly related to their cytoskeletal regulations, which in turn influences the function of the kidney filtration barrier.
In this report, we describe the results from a de novo metabolic flux model for podocytes. Amino acid measurements obtained from in vitro models for podocyte injury were used as model inputs. We found that glutamine utilization and ammonia production pathways were critically enhanced in diseased podocytes. We manipulated glutamine uptake to titrate the podocyte pH and thus utilized metabolic means to regulate the activity of cCatL. Reduced cCatL activity protected podocytes and alkalinized podocytes displayed less cytoskeletal derangement. Mice loaded with glutamine have alkalinized glomeruli and develop less FP effacement and proteinuria in the LPS injury model.
EXPERIMENTAL PROCEDURES

Cells, Antibodies, and Standard Techniques-Mouse wild type (10), CD2AP
Ϫ/Ϫ (11), ␣3
Ϫ/Ϫ
, and CatL Ϫ/Ϫ (12) podocytes and HEK 293 cells (6) were cultured as described previously. NIH 3T3 cells were cultured in Dulbecco's modified Eagle's minimal essential medium (Invitrogen) supplemented with 10% fetal calf serum (Invitrogen) and incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Cells were treated with either 50 g/ml puromycin aminonucleoside (PAN; Sigma-Aldrich) for 48 h or 50 g/ml purified LPS from Escherichia coli O111:B4 strain (InvivoGen, San Diego, CA) for 24 h to study podocyte injury. Antibodies used for immunostaining are synaptopodin (7), Alexa Fluor 594 phalloidin (Molecular Probes, Eugene, OR), and DAPI (Molecular Probes). For Western blotting, rabbit polyclonal anti-synaptopodin antibody (7) was used at 1:500, rabbit polyclonal anti-cytosolic CatL antibody (8) was used at 1:2500, mouse monoclonal anti-actin antibody (clone AC-40; Sigma-Aldrich) was used at 1:1000, and anti-GAPDH antibody (clone 6C5; Abcam, Cambridge, MA) was used at 1:10,000. Signal intensities were measured by densitometry using ImageJ, a public domain image processing and analysis program developed by the National Institutes of Health. Preparation of whole cell extracts, subcellular fractionation, and Western blotting were performed as described previously (6) .
Generating Stably Transfected Podocyte Clones-Proliferating mouse podocytes were transfected with mouse system N/A amino acid transporter 3 (SNAT3) construct and vector control cDNA (pcDNA3.1; Stratagene, La Jolla, CA) using FuGENE 6 transfection reagent (Roche Applied Science) according to the manufacturer's instructions. Forty-eight hours after transfection, stably transfected cells were selected in serial passages using Geneticin selective antibiotic (G418 sulfate; Invitrogen) at 500 g/ml (100% lethal to untransfected podocytes). Clonal populations of stably transfected colonies were isolated by limiting dilution. Then the stably transfected clones were induced to differentiate as described above, except in the presence of a reduced concentration (200 g/ml) of G418, and were characterized by Western blotting for SNAT3 expression.
Biochemical Measurements-Amino acid analysis was carried out by ion exchange chromatography using a Beckman 6300 amino acid analyzer (Beckman Coulter, Brea, CA). The concentrations of glucose, lactate, and urea in the culture medium were measured by using a glucose assay kit (SigmaAldrich), a D-lactate assay kit (Megazyme, Wicklow, Ireland), and a urea assay kit (BioAssay Systems, Hayward, CA), respectively, according to the corresponding manufacturer's instructions.
Immunofluorescence-Cultured cells were fixed in ice-cold 4% paraformaldehyde in PBS buffer for 10 min, permeabilized in PBS containing 0.3% Triton X-100 for 10 min, blocked (2% FBS, 2% BSA, and 0.2% fish-gelatin), and stained with appropriate primary and secondary antibodies. Specimens were analyzed using a LSM 5 PASCAL laser scanning microscope (Zeiss, Thornwood, NY) and a 40ϫ objective.
Electron Microscopy-Ultrathin sections of the kidneys were examined with a Philips CM10 electron microscope. The number of podocytic FPs was counted in at least 10 different areas of representative glomeruli. In each area, the number of FPs was calculated within a distance of 1 m on the GBM (13) .
Semiquantitative RT-PCR-Cultured murine podocytes and mouse (C57BL/6) whole brain, kidney, and isolated glomeruli were treated with TRIzol reagent (Invitrogen) to allow complete cell lysis, followed by RNA extraction using the RNeasy kit (Qiagen). The quality of RNA samples was ascertained by measuring optical density (260/280) absorption ratio of ϳ1.8 (range, 1.6 -2.1) using a NanoDrop Spectrophotometer (Thermo Scientific, Waltham, MA). RNA was quantitated, and cDNA synthesis was performed using the Protoscript first strand cDNA synthesis kit (New England Biolabs, Ipswich, MA). For competitive PCR, the diluted cDNA was added to a reaction mixture consisting of specific primers for B7-1 and SNAT1 to SNAT6 (supplemental Table S1 ) in a Hybaid PCR Sprint thermal cycler (Thermo Scientific). Normalization of the PCRs was performed with the primers for the constitutive enzyme GAPDH. Gel electrophoresis analysis of the PCR products is performed in 1.5% (w/v) agarose gel with Quick-Load 100-bp DNA ladder (New England Biolabs).
Measurement of Inner Mitochondrial Membrane Potential (⌬⌿ m )-Podocytes were trypsinized and incubated in PBS containing 25 nM tetramethylrhodamine ethyl ester (TMRE) at 37°C for 30 min. TMRE accumulates in cells in response to inner mitochondrial membrane potential (14) . Then the cells were washed to remove excess TMRE, and the mitochondrial membrane potential (⌬⌿ m ) was analyzed by FACSCalibur flow cytometry system and associated CellQuest software (Becton Dickinson).
Measurement of Total CatL Activity by Fluorogenic AssayCatL activities in the presence and absence of glutamine in cultured mouse podocytes were measured using CV-CatL detection kit (Biomol, Farmingdale, NY). Briefly, untreated and LPS-and PAN-treated podocytes cultured in regular medium for 14 days and in regular medium for 7 days, and then glutamine-free (GF) media in the following 7 days at 37°C were stained with Hoecsht stain (Biomol) in culture conditions for 5-10 min. Then the medium was removed, and cells were washed with PBS to avoid phenol red prior to the incubation with extraction buffer (25 g/ml digitonin, 250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM Pefabloc, pH 7.5) on ice for 10 min. Following the extraction, the assay buffer (Hanks' buffered saline solution, pH 7.0, containing 100 M cathepsin fluorogenic substrate) were added in the presence of cathepsin B-specific inhibitor CA074 (Enzo Life Sciences, Farmingdale, NY) and 0.1% Triton X-100. Fluorescence was recorded every 10 min for 1 h with a 540 -560-nm excitation filter and a 610-nm emission filter using Spectramax M5 multiwell plate reader (Molecular Devices, Sunnyvale, CA). Cathepsin L activity in living cells was visualizing with cresyl violet as a substrate as described previously (15) .
Measurement of CatL Activity in Subcellular FractionsPrior to enzyme assays, lysosomal and cytosolic fractions containing CatL were isolated by subcellular fractionation as described (6) . Activity assays were performed using the CatL fluorescent substrate Z-Phe-Arg-7-amido-4-methylcoumarin hydrochloride (Sigma-Aldrich) at different pH i as described previously (8) .
Measurement of pH i by a Fluorescent Probe-Podocytes were differentiated at 37°C for 14 days (10) and harvested with trypsin. Intracellular pH was measured as described previously (16) with minor modifications. Briefly, the pelleted podocytes were rinsed twice with bicarbonate-free Krebs-HEPES buffer (130 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 11.7 mM D-glucose, 1.3 mM CaCl 2 , 10 mM HEPES, pH 7.4) and then were loaded with 2.5 M green CMFDA (Molecular Probes) in the same buffer and incubated for 30 min at 37°C. After dye loading, the cells were rinsed twice with the buffer, resuspended in fresh medium, and allowed to recover at 37°C for 30 min. Then the cells were rinsed three times with the buffer and distributed evenly (ϳ40,000 cells/well) into an opaque clear-bottomed 96-well plate. Buffer alone was also loaded for baseline reading, and the fluorescence intensity was recorded at 1-min intervals for 15 min. A Spectramax M5 multiwell plate reader (Molecular Devices) was used to measure fluorescence. The wells were alternately excited at 485 and 440 nm, and emission was collected through a 538-nm filter. The ratios were then converted to absolute pH i values using the calibration procedure with nigericin, a K ϩ /H ϩ exchanger ionophore (15 Microarray Analysis-Total RNA was isolated from immortalized mouse podocytes using an RNeasy kit (Qiagen). A biotinylated cRNA target was generated and hybridized to an Affymetrix Mouse Genome 2.0 GeneChip arrays (Mouse 430 v2; Affymetrix, Santa Clara, CA). Microarray data were analyzed by using dChip 2005 software (17) .
Animals and Treatments-All animal protocols and procedures were reviewed for ethical and humane standards and approved by Animal Care and Use Committee of the University of Miami. C57BL/6 mice were obtained from the Jackson Laboratory (Bar Harbor, ME). The mouse model LPS-induced proteinuria was utilized as previously described (6) . Glutamine is injected intraperitoneally (0.75 mg/g of mouse) 10 min after LPS (10 g/g of mouse) injection. Urine microalbumin was assessed by densitometric analysis of Bis-Tris gels (Invitrogen) loaded by standard BSA (Bio-Rad) and urine samples. The urine creatinine measurement was carried out using a colorimetric end point assay with a commercial kit (Cayman Chemical, Ann Arbor, MI).
In Vivo Gene Delivery-Myc-SNAT3 plasmids were introduced into C57BL6 mice using the TransIT in vivo gene delivery system (Mirus Bio, Madison, WI). In brief, 15 g of plasmid DNA was mixed with 15 l of Mirus polymer solution and 170 l of endotoxin-free H 2 O. It then was topped with 1.8 ml of Mirus delivery solution before injection through tail vein. Proteinuria was assessed 24 h after gene delivery.
Isolation and Processing of Glomeruli-Glomeruli were isolated from kidneys of 8 -12-week-old LPS-treated and SNAT3-injected mice using a sequential sieve technique with mesh sizes of 180, 100, and 71 m. The fraction collected from the 71-m sieve was homogenized in CHAPS buffer containing 20 mM Tris (pH 7.5), 500 mM NaCl, 0.5% (w/v) CHAPS, and Complete Mini protease inhibitors (Roche Applied Science) using Dounce homogenizer (Kimble Chase, Vineland, NJ). Subsequently, the extract was centrifuged for 10 min at 15,000 ϫ g.
Solving the Metabolic Network by MFA-MFA starts with setting up a stoichiometric matrix for a network of reactions occurring in the cell. Considering the thousands of reactions taking place in the cell, it is obvious that not all of these can be included in the model. A total of 42 biochemical reactions and 26 metabolites were considered (see Fig. 1A ). Then the mass balance constraints around intracellular metabolites were specified. These constraints identified a series of linear equations of individual reaction fluxes that must be fulfilled to enable steady state criterion. The reaction network and the mass balance constraints were summarized in the following matrix notation,
where S is the mxn stoichiometry matrix, m is the number of metabolites, and n is the number of reactions. The vector, r, represents all the individual fluxes of intracellular and extracellular compounds. In this equation, S 11 denotes the stoichiometric coefficient of the first metabolite in the first reaction, whereas S 12 denotes for the stoichiometric coefficient of the first metabolite in the second reaction, etc. The right hand side of this equation is made equal to zero, assuming the cultured podocytes are in metabolic steady state where the intracellular levels of metabolites are constant (18 
The matrix multiplier of r
) is now invertible, and Equation 4 is easily solved.
Because the system of linear equations is overdetermined (more equations than unknown fluxes), fluxes are determined by linear regression (18, 19) . The vector r calc represents the best global fit to the linear system given by Equation 4 , but individual vector elements may not exactly satisfy local constraints, i.e. a flux balance around a particular metabolite may not close completely, similar to the way individual points may not lie on the linearly regressed line found by minimizing the sum of the least square distances between all of the points and the line (19) . All the matrix operations were performed by using MATLAB (Mathworks Inc., Natick, MA) and routinely took a few minutes for each measurement set on a DELL Inspiron laptop computer with an Intel Pentium M processor. The fluxes obtained were reported as M ϫ liter Ϫ1 ϫ h Ϫ1 ϫ (million cells) Ϫ1 . Statistical Analysis-The data are reported as means Ϯ S.E. of at least three independent experiments. Differences between experimental groups were evaluated by Student's t test or oneway analysis of variance. The asterisks indicate a significant effect of the treatment when compared with the control, i.e. p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***).
RESULTS
Construction of Podocyte Metabolic Network
Model-To study the amino acid metabolism in podocytes, we constructed a metabolic network (Fig. 1A) . This moderately detailed model was used as a basis for quantification of the fluxes for cultured podocyte cells. It is based on podocyte mitochondrial proteome expression analysis (20) and podocyte mRNA expression profiles (supplemental Table S2 ). This information was combined with a metabolic network information previously employed for hybridomas (21-24), CHO cells (25) , HEK 293 cells (26, 27) , and hepatocytes (28) because all eukaryotic cells share considerable similarities in their respective operative metabolic enzyme compositions.
In the derived podocyte model, there are 26 intracellular fluxes (supplemental Table S3 ). Intracellular fluxes are overall biochemical reactions representing major metabolic pathways: glycolysis (fluxes 1-5), reduction of pyruvate to lactate (flux 6), Krebs cycle (fluxes 7-14), amino acid metabolism (fluxes 15-23), pentose phosphate pathway (fluxes 24), and oxygen uptake and electron transport (fluxes 25 and 26) (supplemental Table S3 ). Glycolysis and glutaminolysis are mutually exclusive based on the experimental observations. Although the gluconeogenetic enzyme activities are higher than the activities of the glycolytic enzymes at the cortical segments of the nephron at which podocytes are located, the patterns of enzyme activities indicate that metabolic functions are unevenly distributed along the nephron (29) . The demand for ribose-5-phosphate for nucleotide synthesis is negligible. We consider only the NADPH-generating oxidative branch of the pentose phosphate pathway, which is represented in a lumped fashion as reaction 24 in supplemental Table S3 . This is justified because podocyte cells no longer proliferate in culture once they are differentiated. Energy requiring pathways for the biosynthesis of amino acids are negligible. The metabolic flow through most of the pathways involved in the biosynthesis of amino acids is much smaller than for carbohydrates and fats (28) . Protein synthesis and protein degradation as an endogenous source of amino acids was neglected. We assumed that protein synthesis accounted for a small portion of the nitrogen metabolism in the cell. Glycogen metabolism is not considered in the model; we did not measure glycogen-derived metabolites. All pathways were verified as feasible for Mus musculus using bioinformatics databases (30 -32) .
To estimate the intracellular fluxes, MFA employs only measurements of uptake and production rates (i.e. influxes into and outfluxes from cells) that are stoichiometrically balanced (18) . Twelve fluxes for transport rates and biosynthesis rates (8 amino acids, glucose, lactate, ornithine, and urea, as listed in supplemental Table S4 ) are measured. The transport fluxes are formally defined for each measured metabolite, and each rate is defined with a positive sign for production. However, the mechanism of transport is not included because of the difficulty of assessing the amounts of material entering via passive and active processes (33) . Each extracellular metabolite is linked to its intracellular counterpart metabolite pool and 42 metabolites (supplemental Table S4 ) constitute the nodes for mass balances. This purely stoichiometric approach has some limitations, but most of them can be overcome with simple extensions: The information embedded in the metabolic network was used under the pseudo steady state assumption, thus not requiring the knowledge of kinetic parameters, which are still rarely known (34, 35) . We also assumed that there is a single pool of intracellular metabolites; thus intracellular rates represent an average for the whole cell. This assumption is based on the fact that several metabolites are able to cross the mitochondrial membrane, either directly or via effective shuttle systems (i.e. malate-aspartate shuttle to transport NADH) and thus equilibrate between the cytoplasmic and mitochondrial spaces (24) .
MFA Emphasizes Glutamine Utilization Pathways for Podocyte Function-We utilized cultured normal mouse podocytes (control) (10) and three in vitro models for podocyte damage: (i) podocytes with ␣3 integrin deletion (␣3 Ϫ/Ϫ , genetic model) (12); (ii) podocytes treated with lipopolysaccharides (LPS, immunological model) (36); and (iii) podocytes treated with PAN (toxic model) (37) . We studied the metabolism of these podocyte models using the podocyte network (Fig. 1A) and simulated the podocyte amino acid and glucose utilization. The flux analysis uncovered that the amino acid metabolism of podocytes is changed in disease. We found that podocyte glutamine uptake rate is 1.6 -2.1 times higher in disease models than the rate in the control cultures (Fig. 1B) . Glutamine is involved in a wide variety of metabolic pathways and plays key roles in many physiological processes in various organs (38, 39) . Glutamine is the most abundant plasma amino acid (40, 41) , as well as the most plentiful amino acid, in routine podocyte culture medium used for cell culture. Of note, ␣3
Ϫ/Ϫ cells displayed the highest rate of glutamine uptake (Fig. 1B) . We also analyzed glutamine uptake in other mammalian cells (HEK 293 and NIH 3T3). However, these cells did only respond to PAN but not to LPS in increasing glutamine uptake rate (supplemental Fig. S1 ), lending some degree of specificity to podocytenoxious stimuli in increasing podocyte glutamine uptake.
This glutamine-avid behavior of injured podocytes is similar to glucose uptake, which is 1.5-2.1 times higher in disease models than the control podocytes (supplemental Fig. S2A ), indicating a higher need of substrates under disease conditions. The majority of glucose is converted into pyruvate through the glycolytic pathway. Pyruvate produced from glucose can then be converted into end products, such as lactate, to regenerate NAD ϩ needed for glycolysis (supplemental Table S3 ) and acetyl CoA, a reaction catalyzed by the mitochondrial pyruvate dehydrogenase enzymatic complex (supplemental Table S2 ). Acetyl-CoA is a high energy intermediate that can be further oxidized by the Krebs cycle or used for fatty acid synthesis. The Krebs cycle is initiated by the condensation of oxaloacetic acid with acetyl-CoA, forming citrate (Fig. 1A) . In reactions involving decarboxylation and oxidation, CO 2 is produced, and NADH (nicotinamide adenine dinucleotide) and FADH (flavin Table S3 . B and C, the uptake rates of glutamine (measured) and glucogenic amino acids (calculated by MFA) for the control (WT) and disease (LPS, PAN, and ␣3 integrin-KO) models, respectively. *, p Ͻ 0.05; **, p Ͻ 0.01 for the comparison of diseased podocytes with the WT cells. D, ammonia production rates calculated by MFA. Each bar represents the average from three separate experiments (B-D).
adenine dinucleotide) are produced for use in the mitochondrial respiratory chain (supplemental Table S3 ). Lactate is, on the other hand, a metabolic cul de sac, which is connected to the metabolic network only through pyruvate by the redox enzyme lactate dehydrogenase. Every organ is able to release lactate because all cells contain the set of enzymes allowing the conversion of glucose into lactate (42) . The lactate production rates for the control, genetic, immunological, and toxic models were 14.0 Ϯ Fig. S2B ). Higher lactate production rates in disease models are the results of higher use of glucose than the control model based on the assumption that lactate generated by cultured cells was only derived from glucose. Our assumption was largely supported by NMR experiments with hybridoma cells (43, 44) . The amount of lactate derived from glutamine was not determined in our studies. The conversion of glycolytic metabolites into Krebs cycle intermediates is low in all models (data not shown). Also, the pentose phosphate pathway (flux 24) is not very active; only 1-2% of the glucose carbons flow through pentose cycle to generate NADPH in all models. The low level of podocyte mRNA signal for glucose-6-phosphate dehydrogenase (supplemental Table S2 ), which is the first enzyme in this pathway, confirms this finding. Of note, the pentose phosphate pathway is important in generating ribose-5 phosphate, which is a precursor for nucleotide synthesis in proliferating cells.
Glutaminolysis, Ammonia Production, and Uptake Rates of Glucogenic Amino Acids Are Increased in All Podocyte Disease
Models-Glutaminolysis is related to the glucogenic amino acid uptake (i.e. the uptake rate of all amino acids except leucine and lysine). Therefore, we analyzed glucogenic amino acid uptake rates of all models. In Fig. 1C , the sum of the uptake rates of all glucogenic amino acids except glutamine were analyzed for control (WT) and disease models. We observed a similar pattern of increased nutrient utilization highlighting the relevance of glutamine uptake and glutaminolysis.
Another indirect measure of glutaminolysis is ammonia production in the mitochondria. Considering that a glutamine molecule consists of two nitrogen atoms and that each of glutamate, alanine, and aspartate molecules contain one nitrogen atom, the nitrogen balance was calculated as the difference between twice the glutamine removed and the sum of glutamate, alanine, and aspartate accumulated. These calculations revealed that the amount of nitrogen incorporated by podocytes (mainly from glutamine uptake) exceeded the amount of nitrogen removed as glutamate, alanine, and aspartate by 3.4 Ϯ 0.9, 6.4 Ϯ 0.4, 6.8 Ϯ 1.6, and 8.1 Ϯ 1.0 mol ϫ liter Ϫ1 ϫ h Ϫ1 ϫ (million cells) Ϫ1 in control, immunological, toxic, and genetic models, respectively. This suggests that a considerable part of nitrogen was released in the form of ammonia (calculated and simulated) (Fig. 1D) .
In sum, mitochondrial glutamine utilization and metabolism are increased in the analyzed podocyte disease models. Glutamine metabolism of podocytes in all disease models favor deamination (i.e. removal of an amine group as in flux 18; supplemental Table S3 ) rather than transamination pathways (i.e. the transfer of an amine group from one molecule to another as in flux 20) that are controlled by glutamate dehydrogenase and alanine aminotransferase activities (supplemental Table S2 ), respectively. Eventually, the ammonia buildup reached higher levels in disease cultures (Fig. 1D) .
Podocytes Induce Expression of SNATs during Injury-Amino acid transporters are a group of membrane proteins transporting various amino acids across the membrane and providing substrates for many essential cellular functions (45) . Having identified increased glutamine uptake and utilization as a signature for diseased podocytes that varies from other nondifferentiated eukaryotic cells (supplemental Fig. S1 ), we studied the expression of system A (SNAT1, 2, and 4) and system N (SNAT3, 5, and 6) family members of sodium-coupled neutral amino acid transporters in cultured podocytes ( Fig. 2A) . Glutamine is known to be a favored substrate throughout the family, except for SNAT4 (46) . We also studied these transporters in isolated mouse glomeruli (Fig. 2B) . All SNATs were expressed other than SNAT3 and 5; SNAT 4 were only found at low levels. Interestingly, mice stimulated with LPS increased markedly the expression of SNAT3. SNAT3, formerly known as SN1 (Slc38a3), is known as an antiporter that functions in the presence of Na ϩ and takes up glutamine for the exchange of H ϩ . It is highly expressed on the mRNA and protein level in the kidney during metabolic acidosis and involved in the regulation of acid-base homeostasis (47) (48) (49) . In cultured podocytes, we also found a prominent induction of SNAT3 after LPS but not SNAT4 and 5 ( Fig. 2A) . The induction of SNAT3 mRNA was paralleled by a strong protein induction of SNAT3 in cultured podocytes stimulated with PAN (Fig. 2C) . The primers were performance-tested in a control PCR using cDNAs from the kidney and brain of control (C57BL/6) mice (Fig. 2D) .
SNAT3 Protein Is Localized in Podocyte
Mitochondria-To analyze the expression of SNAT3 in glomeruli, we carried out immunogold EM. Next, we performed immunohistochemical analysis of SNAT3 in normal and PAN-treated rats. We observed SNAT3 expression along the capillary wall consistent with podocyte expression in the early phase of the PAN-treated rat glomeruli (Fig. 2E) . It was expressed in podocyte mitochondria as revealed by immunogold localization (Fig. 2F) . Higher magnification showed expression of SNAT3 at the mitochondrial membrane (Fig. 2F) . Immunogold particles for SNAT3 are most numerous in the mitochondria of the PAN-treated rats (day 4) (Fig. 2F) . We also tested the mitochondrial membrane potential (⌬⌿ m , a charge or electrical gradient) in cultured podocytes before and after PAN and in podocytes that have stable overexpression of SNAT3 (SNAT3OE). The ⌬⌿y m regulates reactive oxygen species production and a central regulator of cell health (50) . The PAN-treated podocytes had higher mitochondrial membrane potential (1.20 Ϯ 0.18-fold versus CTL), and it was further increased in SNAT3OE podocytes (1.84 Ϯ 0.08-fold versus CTL), suggesting that the mitochondrial performance is partly regulated by SNAT3 (Fig. 2G) .
Acidification of Cytosol during Podocyte Injury Increases CCatL Activity-Having observed mitochondrial dysfunction in cultured podocytes in response to SNAT3 overexpression (Fig. 2G) , as well as increased LPS-mediated proteinuria that is largely CatL dependent (6), we wondered whether the antiport of glutamine and H ϩ mediated by mitochondrial SNAT3 (as seen after LPS, PAN, for ␣3 Ϫ/Ϫ and SNAT3OE) is linked to cCatL, possibly through cytosolic pH modulation. Thus, we used the fluorescent dye CMFDA that captures changes in intracellular pH (pH i ) by alterations in fluorescence (51) . Fluorescent ratios were generated and then converted to absolute ph i values using standard calibration nigericin (16), a K ϩ /H ϩ exchanger ionophore (Fig. 3A) . We found that control podocytes had a more alkaline cytosol (with a pH i of 7.34 Ϯ 0.04) when compared with podocytes treated with LPS (7.21 Ϯ 0.06), PAN (6.96 Ϯ 0.09), after genetic deletion of ␣3 integrin (7.17 Ϯ 0.03) or after overexpression of SNAT3 (7.13 Ϯ 0.04) (Fig. 3B) . Next, we analyzed subcellular fractions of CD2AP Ϫ/Ϫ podocytes known to express high levels of cCatL (8) . When comparing the pH i versus activity profiles of lysosomal and cytosolic CatL containing fractions, we found that cCatL activity has its pH i optimum at 7.00, whereas lysosomal CatL has maximum activity at pH i 5.50 (Fig. 3C) . Moreover, all examined glomerular disease-causing stimuli/conditions were associated with a downshift of the podocyte pH. We repeated the activity assays for the cytosolic fractions of wild type podocytes and found out a similar trend of increasing CatL activities at the pH values measured for the diseased podocytes, the only exception being the pHi optimum, which is at 6.80 (supplemental Fig. S3 ).
Mice with SNAT3 Overexpression Develop More Severe Proteinuria under Injury Conditions-We next tested the effect of SNAT3 overexpression on glomerular barrier function in mice.
A Myc-SNAT3 plasmid was delivered via tail vein injection as described before (6) . In other sets of experiments, mice were injected with LPS 10 min earlier than gene delivery of the control plasmid pcDNA3.1(Ϫ) and Myc-SNAT3, respectively. We collected the urine and sacrificed mice 24 h after the gene delivery. SNAT3 was expressed well in glomeruli isolated from mice (Fig. 3D) . Although the overexpression of SNAT3 in wild type mice did not cause any proteinuria per se, the concomitant administration of LPS led to a significantly increased proteinuria when compared with the LPS-treated wild type mice that expressed a control plasmid alone (Fig. 3E) . We next compared the FP morphology of wild type mice before and after administration of LPS, SNAT3, and LPS and SNAT3 together (Fig. 3F) . Gene delivery of SNAT3 does not change the ultrastructure of podocyte FPs in wild type C57BL/6 mice (Fig. 3F, middle EM  panel) . However, concomitant LPS treatment leads to FP effacement (Fig. 3F, left and right EM panels) .
Glutamine Alkalinizes Podocytes-Given the observation that podocyte pH modulation affects CatL activity in the cytosol, we wondered whether the avidity of podocytes toward glutamine as revealed by MFA could be utilized for increasing podocyte cytosolic pH. We utilized both wild type and ␣3 integrin-deficient podocytes and cultured those cells in regular medium for 7 days and glutamine-free medium during the following 7 days (GF in Fig. 4 ). Comparing the results with the cells cultured in the regular media for 14 days (REG in Fig. 4) , there was no decrease in cell numbers in both healthy and disease cells, and the differentiated cells had morphological characteristics similar to the ones cultured in regular medium (data not shown). In both cell lines, the CMFDA signal was weaker (supplemental Fig. S4) , and pH i was lower when glutamine was absent (Fig. 4A) . We measured 0.20 Ϯ 0.11 and 0.26 Ϯ 0.09 unit drops in pH i values for WT and ␣3 Ϫ/Ϫ podocytes, respectively. The more acidified cytosol with the absence of glutamine was also reflected as an increase in total cellular CatL activity in podocytes during LPS-or PAN-mediated injury when the CatL activity was measured by in vitro fluorogenic assay with the intact cells (Fig. 4B) .
We also studied whether the activity of CatL in the isolated cytosolic fractions is changed in untreated, LPS-and PANtreated podocytes cultured in the absence (GF) or presence of glutamine (REG). We performed the activity assay using the CatL fluorescent substrate Z-Phe-Arg-7-amido-4-methylcoumarin hydrochloride at the pH i reflecting the in vitro conditions (see Figs. 3B and 4A) and observed an increased yield of fluorescence for PAN-and LPS-treated cells when compared with the untreated cells (Fig. 4C) . To quantify the relative abundance of cCatL in the reaction volume of each set, we ran a Western blot using those extracts and incubated the membranes with cCatL and GAPDH antibodies (Fig. 4D ). The bar graph shows cCatL activity rates normalized with the protein expression and show the significant increases of cCatL activities in LPS-and PAN-treated fractions obtained from podocytes cultured in the absence of glutamine (GF) when compared with the activities in LPS-and PAN-treated fractions obtained from podocytes cultured in the regular media (REG), respectively (Fig. 4E) .
According to the known role of cCatL in podocytes during glomerular disease (6 -8) , there is a prominent induction of cCatL expression and activity and a strong effect on the podocyte actin cytoskeleton through cleaving the GTPase dynamin (6), the actin-associated protein synaptopodin (7), and slit diaphragm-associated CD2AP (8) . These cleavage events lead to a reduction of the F-actin cytoskeleton in podocytes (6, 7) and lower the survival threshold (8) . In keeping with these reports, F-actin stress fibers are usually running in parallel bundles from one edge to the other in crossing the center of the cell but showed a strong reduction in podocytes when glutamine was absent (Fig. 4F, upper IF panel, bar graph) . In addition, the LPS FIGURE 2. Glutamine transporter profiles in mouse glomeruli and cultured mouse podocytes. A and B, the increased mRNA expression of glutamine transporters, SNATs, in cultured wild type (CTL) and ␣3 integrin KO (␣3 Ϫ/Ϫ ) mouse podocytes (A) and mouse glomeruli (B). SNAT3, B7-1, and GAPDH mRNA expression levels were assessed by standard RT-PCR. B7-1 expression was up-regulated with LPS and included as a control for LPS treatment (50 g/ml for 24 h) and injection (10 g/g of mouse). GAPDH served as a loading control. C, Western blot analysis showing the increased levels of the SNAT3 protein expression after PAN treatment (50 g/ml for 48 h) of the cultured wild type (CTL) mouse podocytes (top). The band intensities are normalized to that of GAPDH and expressed as fold change (bottom). *, p Ͻ 0.05 for the comparison of PAN-treated podocytes with the untreated cells. D, control PCR experiments were performed using cDNAs from whole kidney and brain of control (C57BL/6) mice. E, IF staining for SNAT3 (green) and nuclei (blue) showing enhanced binding of SNAT3 antibody along the capillary walls (the right panel shows higher magnification) of the PAN-treated rat glomeruli (early stage). F, immunogold EM study of kidney sections, cut perpendicular to GBM. Immunogold labeling for SNAT3 in rat kidney glomeruli was restricted to the mitochondria of the podocytes. Even more gold particles were present in the mitochondria of the PAN-treated rat kidney glomeruli (right). G, mitochondrial membrane potential (⌬⌿ m ) for wild type podocytes (WT), podocytes treated with PAN, and podocytes overexpressing SNAT3 (SNAT3OE) were quantified using a mitochondria-specific dye (TMRE) and represented as fold changes in cell counts. *, p Ͻ 0.05; **, p Ͻ 0.01 for the comparison of PAN-treated and SNATOE podocytes with the WT cells, respectively. Each bar represents the average from three separate experiments (C and G). treatment caused more severe injury when glutamine was absent, because there were lots of broken actin fibers with many barbed ends in the middle (Fig. 4F, upper IF panel, bar graph) .
The glutamine-dependent changes in F-actin structures are not present in podocytes that lack CatL again linking the action of glutamine to the activity of CatL in podocytes (Fig. 4F, lower IF   FIGURE 3 . SNAT3 overexpression acidifies podocytes and provides a favorable pH i milieu for cCatL activity. A, the pH standard curve with the green CMFDA, measured at 485 and 440 nm, yielded a linear range from pH 6.0 to pH 8.0 (R 2 ϭ 0.98). B, bar graph showing the pH i in control podocytes (WT), disease models (LPS, PAN, and ␣3 Integrin KO), and podocytes overexpressing SNAT3 (SNAT3 OE). C, the isolated soluble fractions harvested from podocytes that lack CD2AP expression had the maximum levels of lysosomal and cCatL activities at pH i 5.5 and 7.0, respectively. The projections of the podocyte pH for different models were also shown on the cCatL curve (right). D, Western blot showing high level of SNAT3 expression in mice injected with Myc-tagged SNAT3 DNA (n ϭ 5). E, mice injected with Myc-SNAT3 and LPS together had even higher proteinuria levels when compared with the mice injected with only LPS. The delivery of Myc-SNAT3 does not cause any significant increase in protein/creatinine levels. *, p Ͻ 0.05 for the comparison of mice injected with Myc-SNAT3 and LPS together with the LPS-injected mice. F, electron microscope analysis of the LPS-treated (n ϭ 5), Myc-SNAT3-injected (n ϭ 5), and both LPS-treated and Myc-SNAT3-injected (n ϭ 5) kidneys (arrows show the sites of foot process effacement). The mean number of podocyte FPs along the GBM was evaluated within a distance of 1 m (right). ***, p Ͻ 0.001 for the comparison of SNAT3-injected mice with both LPS-injected mice and mice injected with Myc-SNAT3 and LPS together, respectively. Each bar represents the average from three separate experiments (B, C, E, and F). Lyso, lysosomal; Cyto, cytosolic.
FIGURE 4. Glutamine modifies pH i and CatL activity in podocytes.
A, the cCatL activity of wild type podocytes cultured in regular medium for 14 days (REG) and regular medium for 7 days and glutamine-free medium in the following 7 days (GF) over the time of fluorogenic reaction. B, Western blot shows the levels of cCatL and GAPDH in cytosolic extracts of podocytes cultured in REG and GF media, respectively. UNT, untreated; LPS, LPS-treated; PAN, PAN-treated. *, p Ͻ 0.05 for the comparison of CatL activities measured in LPS-and PAN-treated podocytes cultured in the absence (GF) and presence of glutamine (REG), respectively. C, the cCatL activities are calculated as rates, i.e. per time (A), and then normalized by cCatL and GAPDH protein expressions (B), which were quantified by using ImageJ software. D, the increased fluorescence indicates a more alkaline environment. E, CatL activities in podocytes cultured in regular medium for 14 days and in regular medium for 7 days and then in glutamine-free medium (GF) in the following 7 days at 37°C. When the cells are deprived of glutamine, CatL activities are significantly higher in LPS-and PAN-treated cells compared with the ones cultured in the presence of glutamine. *, p Ͻ 0.05 for the comparison of cCatL activities measured in LPS-and PAN-treated podocytes cultured in the absence (GF) and presence of glutamine (REG), respectively. 
panel, bar graph).
Because cCatL is present at low levels in podocytes, we compared the localization and expression of synaptopodin, a major substrate for cCatL, under the presence or absence of glutamine. The cellular distribution, as well as the expression of synaptopodin, was altered in both wild type and ␣3 Ϫ/Ϫ podocytes shown by immunostaining (Fig. 4G , left panel) and Western blotting (Fig. 4G, right panel) . Together, these data suggest that glutamine can affect the activity of cCatL by modulating podocyte pH.
Treatment of Mice with Glutamine Increases Podocyte pH and Protects from LPS-induced Proteinuria-To translate our
in vitro findings of podocyte protection into a kidney disease relevant model, we utilized the LPS model in mice known to cause podocyte FP effacement and proteinuria driven by induction of cCatL (6) . To this end, mice were either injected with only LPS or treated with high dose (0.75 mg/g) glutamine injection 10 min after LPS administration. We analyzed the relative alkalinity of glomeruli using isolated glomeruli that were incubated with green CMFDA. Similar to our in vitro findings in cultured podocytes, isolated glomeruli showed increased alkalinity in the group of mice that received LPS and high dose glutamine load (Fig. 5A) . We also tested renal function and measured proteinuria in these mice. We found significantly lower amounts of urinary protein/creatinine ratio in LPStreated mice that were glutamine-loaded when compared with LPS-treated animals without glutamine supplementation (Fig.  5B) . These effects were also visible on an ultrastructural level (Fig. 5C) . We semiquantitated the morphology of podocyte FPs and found decreased FP effacement in mice that received a combination of LPS and glutamine compared with mice that received just LPS (Fig. 5C ).
DISCUSSION
The kidney has long been the subject of metabolic studies (52) (53) (54) (55) (56) . It has the capacity to metabolize a large variety of substrates (e.g. glucose, lactate, glutamine, free fatty acids, ketone bodies, citrate, and glycerol) depending on their availability in the circulating blood. With increasing knowledge of metabolic pathways of carbohydrate, lipid, and amino acid metabolism, most metabolic steps were found to be active in the kidney (57) . Because of the variability in structural and functional integrity of intrarenal structures, information about proteins for individual structures is necessary. The data that are obtained from proteomic analysis of whole kidney do not provide any information regarding localization. Therefore, proteomic analyses for individual intrarenal proteomes are needed to better understand the renal physiology. At the glomerular level, a recent study by He et al. identified glomerular transcriptional profiles and protein-protein interaction network (58). Ransom et al. (59) attempted to construct a proteome map for podocyte cells for the first time. They examined a differential analysis of changes in protein expression in cultured murine podocytes in response to glucocortioids. A total of 106 proteins representing 88 unique proteins were identified in their podocyte proteome map. Together, these findings pointed to a complex intrarenal organization of metabolic pathways.
The understanding of the central podocyte metabolism during FP effacement is in its infancy and might harbor important possibilities that can be exploited to help podocyte cells adapt under disease conditions and to improve their structure and viability. One way for characterizing the intracellular metabolism of cultured podocytes under normal and disease conditions is the identification of the flux distributions by MFA because it offers the advantage of simplicity, i.e. it solely relies on the known stoichiometry of a given biochemical reaction network. We used MFA of cultured podocytes that mimic podocytes during glomerular kidney disease and characterized their amino acid metabolism. It is a moderately detailed model, adapted in part from other eukaryotic cells that we use as a basis for quantification of the fluxes for the cultured podocyte cells (20) . We studied three podocyte in vitro disease models: (i) podocytes with ␣3 integrin deletion (genetic model) (12) , (ii) podocytes treated with LPS (immunological model) (36) , and (iii) podocytes treated with PAN (toxic model) (37) . The common denominator of all these cell models is the rearrangement of the actin cytoskeleton.
Glutamine is the most highly concentrated free amino acid in our podocyte medium because it is in the blood of humans and numerous animal species. Although it is considered to be a nonessential amino acid, several studies (60) demonstrated that glutamine has immunomodulating properties during catabolic stress in which its levels in cells and plasma decline rapidly. It is an important fuel source for diverse cell types, especially epithelial (61) and immune cells (62) . We found podocytes to be very glutamine-avid, which provides an unexpected opportunity for this amino acid in capitalizing on its effects in the podocyte cytosol. Providing large amounts of glutamine to injured podocytes is resulting in stabilizing podocyte cell function, in particular through modification of podocyte pH and associated effects on cCatL. This opportunity stems from the metabolic pathway regulation in diseased podocytes that is represented by glutamine uptake, nitrogen turnover, and ammonia production. Most likely, these metabolic adjustments can be seen as part of stress-related pathways activated in podocytes under damaging conditions. Because our model revealed glutamine metabolism as a common signature in diseased podocytes, we next focused on the glutamine transporters in podocytes. Six isoforms of the SNATs were expressed in podocytes and up-regulated in disease. Our findings in podocytes are consistent with a glutamine-avid state that can be utilized to transport large amounts of glutamine into the cell by Na ϩ /H ϩ exchange activity, where it performs important functions including regulation of pH i and cell volume (63) . The effects of supplemented glutamine are the rise in podocyte pH that in turn reduces the activity of CatL known to play a major pathogenic role in podocytes after LPS or PAN (6), as well as in the absence of ␣3 integrin (12) (Fig. 6) .
Probably the most surprising finding of the study is the protection of podocytes in mice that were loaded with glutamine. Even though glutamine is the most abundant amino acid in the blood, supplementation by injection is maximizing the effect on renoprotection. Interestingly, recent papers have provided evidence that alkalinization of blood in chronic kidney disease patients is associated with improved survival and reduction of proteinuria (64) . It is possible that this benefit is at least in part from podocyte protection. In support of this hypothesis, there is protection from F-actin rearrangement, reduced FP effacement, and proteinuria in alkalinized podocytes. Although it can be envisioned that glutamine might not be the only candidate in alkalinizing podocytes during glomerular disease, our data provide proof of concept that alkalinization of podocytes with amino acids like glutamine is a novel mode of therapeutic area that will require intensified attention. Additional studies will be necessary to further accelerate alternative modes of podocyte pH regulation and to facilitate the discovery of new therapeutic targets, biomarkers, and ultimately refined strategies to prevent and treat glomerular kidney disease.
